Previous studies showed a positive effect of the DMRT3 "gait keeper" mutation on harness racing performance in Standardbreds, French-, and Nordic trotters. The mutation has also been shown to influence riding traits in multiple breeds. This study investigated the effect of the DMRT3 mutation on harness racing performance and riding traits in Finnhorses. Finnhorses used for harness racing (n = 180) and for riding (n = 59) were genotyped for the DMRT3 mutation. For the trotters the genotypes were evaluated for association with racing performance (number of starts, victories, placings, earnings, and race times). At 3-6 years of age the AA genotype was superior compared with the CA and CC genotypes. The AA horses had a significantly higher proportion of victories (P = 1.4 × 10 −6
addition to walk, trot, and canter. However, in horses without this ability the frequency of the mutated allele is low or absent (Petersen et al. 2013; Promerová et al. 2014) . The Finnhorse, a breed where some individuals are capable of performing gaits in addition to walk, trot, and canter, is a very popular breed in Finland for both harness racing and riding. Traditionally, there are 4 different types of Finnhorses: trotting type, riding type, miniature type, and draught horse type (Figure 1) . Crosses between the different types are allowed and the majority of Finnhorses are used for harness racing (Hippos, 2015) .
Although multiple studies have shown that the DMRT3 "Gait keeper" mutation (the A allele) has strong positive effects on harness racing, data on how the mutation affects riding traits are limited, especially for the difference between CA and CC horses (Andersson et al. 2012; Jäderkvist et al. 2014a; Ricard 2015) . However, previous studies in Standardbreds and Icelandic horses suggest that there is an unfavorable effect of the mutation on classical riding traits (Kristjánsson et al. 2014; Jäderkvist et al. 2015) . The variable types of horses within the Finnhorse breed provide a unique opportunity to investigate the influence of DMRT3 on both harness racing performance and riding traits in one population. In this study, we determine and compare the optimum genotypes for harness racing and riding in Finnhorses. In doing so, we aim to assist industry professionals in selecting the most ideal horse given their desired use.
Materials and Methods

Harness Racing Performance Data
Participants were recruited via personal contacts and online postings. Hair samples from 180 Finnhorses that had competed in at least one harness race in Finland were collected. The majority of the samples (n = 106) were collected from horses at 4 different racetracks in Finland. The samples consisted of 89 males and 91 females born between 1999 and 2010. The samples represented progeny from 67 sires with an average of 2.7 offspring per sire. The average age of the sample horses was 9 years.
Performance data from 2002 to 2014 and estimated breeding values (EBV) were provided by the Finnish Trotting and Breeding association (Hippos, 2015) .
Riding Performance Data
Participants were recruited via online postings. An owner questionnaire was designed to investigate the quality of the gaits. Owner completed questionnaires have shown to be an effective way to obtain data from companion animals, as owners observe the animal daily in a variety of circumstances (Momozawa et al. 2003) .As such participants were asked to complete a questionnaire on how well their horses performed specific gaits on a scale from 1 (poor) to 6 (perfect) as well as provide a hair sample (see Supplementary file 1 online). The questionnaire also included questions about how long the horse had been used for riding and if it ever competed in harness racing or dressage. Questionnaires and hair samples were provided for 59 horses. The data represented 26 males and 33 females born between 1991 and 2011. The data included progeny from 53 sires with an average of 1.1 offspring per sire. The average age of the sample horses was 10 years. Four of the sires represented in the riding horse group also had offspring in the group of harness racing horses.
Isolation of DNA and SNP Genotyping
DNA was isolated from the hair roots using a standard hairpreparation method (Jäderkvist et al. 2014a) . The samples were genotyped for the nonsense mutation in DMRT3 (chromosome 23: 22 999 655 bp). The StepOnePlus Real-Time PCR System (Life Technologies) was used for the SNP genotyping, using custom designed TaqMan SNP Genotyping Assays (Applied Biosystems), described by Andersson et al. (2012) and Promerová et al. (2014) . 
Statistical Analyses
Statistical analyses were performed using the statistical package R (R Development Core Team 2005), PLINK (Purcell et al. 2007) , Simple Interactive Statistical Analysis (SISA; Quantitative Skills 2013) and the free online t-test calculator (studentsttest.com). Transformed values were used when calculating means and variance for earnings and best racing times; ln (earnings + 100) and ln (racing time − 68.2) (Árnason 1994) .
Harness racing results across DMRT3 genotypes were compared using Wald test in PLINK. Comparisons were made for racing results at 3 (n = 25), 4 (n = 110), 5 (n = 139), 6 (n = 145) and 10 years of age (n = 63), but only included horses that competed at that age. Comparisons were also made for racing results for the period between 3 and 6 years of age (n = 154). Questionnaire responses for gait scores across DMRT3 genotypes were compared using a pairwise Student's t-test. Genotype frequencies for questions related to competition experience were compared using Fisher's Exact test in R. Hardy-Weinburg Equilibrium (HWE) was assessed using Michael H. Court's (2005 Court's ( -2008 online calculator (Court 2012) .
To quantify the effect of the DMRT3 genotypes on trotting performance, variance components were estimated using restricted maximum likelihood (REML) with and without DMRT3 genotype in the model. The DMU software (Madsen and Jensen 2010) was used for the analyses. Pedigrees and trotting performance results (earnings and race times) were obtained from the Finnish Trotting and Breeding Association. In total, 124 Finnhorses were included in the estimation of variance components. The pedigrees were traced back 5 generations and comprised 726 Finnhorses. The pedigree completeness index (PCI) was 0.3980 for 5 generations and 0.5184 for 3 generations (MacCluer et al. 1983 ). Animal models were used that included fixed effects of birth-year classes and sex of the horses. In addition, the same base models were used but including also the fixed effect of DMRT3 genotype. The estimated phenotypic variances were compared from models with and without DMRT3 genotype.
Data Archiving
In fulfillment of data archiving guidelines (Baker 2013) , we have deposited the primary data for 239 Finnhorses on Dyrad as mentioned below:
• Genotypes for DMRT3 • Phenotype data (harness racing performance and riding trait scores).
Results
Allele and Genotype Frequencies
The frequency of the mutant A-allele in riding horses was 43% compared with a frequency of 63% in harness racing horses. There was a significant difference in genotype frequency between the 2 groups (P = 7.4 × 10 −5
; Table 1 ). The genotype frequencies did not differ significantly from HWE (P = 0.97).
Harness Racing Performance
A significant difference in racing performance was shown between the 3 DMRT3 genotypes for all age classes, except for 3 years of age. The AA horses had the lowest number of starts at all ages except for 4 years of age, but the differences between the genotypes were not significant. The CC horses had the worst performance of the 3 genotypes for all traits at all ages. A significant difference was present for EBVs between the 3 genotypes (P = 1.6 × 10 −7
) (see Supplementary  Table 1 online) .
At 3-6 years of age, the AA horses performed significantly better than the CA and CC horses for all traits except for the number of starts (Table 2 ). For 10 years of age the AA horses had the highest proportion of victories (P = 0.001) and placings (P = 0.005) but there were no significant differences in earnings (P = 0.13) and race times (P = 0.12-0.15) ( Table 3 ). There were no significant differences in racing performance between the genotypes CA and AA at 3 years of age. No CC horses competed at 3 years of age (see Supplementary Table 1 online). Average number of starts at that age was low for both AA and CA genotypes (2.3 and 2.2, respectively). The average age for the first race did not differ significantly between the 3 genotypes (P = 0.65). When the DMRT3 genotype was included in the models for earnings and race times in REML analyses, the phenotypic variances for the different traits were reduced by 6.3%. 
Riding Performance
Horses homozygous for the mutated allele (AA) received significantly lower scores for all gaits, except for the walk. For all traits, except for collected trot, the CA horses had the highest scores of all genotypes, even though the differences from the CC horses were not significant. No significant differences between the genotypes were present for jumping ability (Table 4 ). There were no significant differences (P = 0.47) between the genotypes regarding how difficult it had been to train the horse up to its current canter capacity. No significant differences in gait scores between the CA horses and CC horses were present, except for rhythm in extended canter (P = 0.05; Table 4 ). For walk there was a significant difference in score between AA and CA horses for rhythm, balance and transitions (P = 0.01), but not between AA and CC horses (Table 4 ).
There were no significant differences in age and the number of years the horse had been used for riding present between the 3 DMRT3 genotypes (P = 0.06-0.70). The majority of horses (76%) had not competed in harness racing prior to becoming a riding horse and there were no significant differences (P = 0.59) in harness racing experience between the genotypes. Approximately 50% of the total number of horses (n = 27) competed in dressage with the majority being the CA (n = 18) genotype (Table 5 ). The horses only competed in the easy classes.
Discussion
Although previous studies have demonstrated a favorable association between DMRT3 genotype and performance, the association with riding traits has not been fully explored (Jäderkvist et al. 2014a (Jäderkvist et al. , 2015 Kristjánsson et al., 2014) . This study clearly demonstrates a significant effect of the DMRT3 mutation on harness racing performance and riding traits in Finnhorses and there appear to be different optimum DMRT3 genotypes for the various disciplines. For harness racing performance the AA genotype was the optimum genotype as it was associated with superior performance. By contrast, the AA genotype was associated with inferior gait scores, thus making it the least desirable genotype for horses used for riding. There are different physical demands for harness racing horses compared with riding horses. While DMRT3 has been shown to influence stride length in the horse it also inhibits the transition from symmetrical gaits, such as trot and pace, to gallop (Andersson et al. 2012) . For Finnhorses used for riding disciplines such as dressage the canter is an important trait. Since the AA horses are less likely to transition into gallop, they may be seen as less desirable for riding compared with horses of other genotypes. This potential disadvantage does not exist for harness racing horses where horses are required to maintain the trot or pace in high speed without transitioning into gallop. This difference in how well suited different DMRT3 genotypes are for different applications correlates well with the differences in genotype frequencies between the groups (Table 1) . Given the conflicting impact of the AA genotype on performance, larger differences in genotype frequencies between the types of Finnhorses are possible. However, crosses between all types of Finnhorses are allowed. This tends to then result in less rigorous selection for or against any specific genotype and may partially explain the more modest differences in frequencies.
The advantage of the AA genotype to harness racing horses has previously been shown in other breeds (Jäderkvist et al. 2014a ). Similar to Standardbreds, the AA genotype in Finnhorses was also associated with higher earnings, better race times and a higher proportion of victories (see Supplementary Table 1 online). Fewer similarities were present when compared with a previous study on Nordic trotters (Jäderkvist et al. 2014a) . This is particularly interesting given the similarities between the 2 breeds. This study showed that when DMRT3 genotype was included in the models for earnings and race times in REML analyses, the phenotypic variance was reduced by 6.3%. This can be compared with Nordic trotters and Standardbreds where the reduction in phenotypic variance was between 0% and 3.9% (Jäderkvist et al. 2014a) .
The current study only contained 25 Finnhorses that started to compete at 3 years of age and none of these horses had the CC genotype. In the study on Nordic trotters 161 horses competed at 3 years of age and 34 of them were CC. Additionally, the average number of starts as a 3-year-old was approximately 2 for the Finnhorses, compared with an average of 7 starts for the Nordic trotters (Jäderkvist et al. 2014a ). This may suggest that Finnhorses are slightly slower in their development, but it may also reflect a tendency for being more cautious when training young horses in Finland.
Although there were no significant differences in the current study between genotypes for the number of starts, earnings and race times at 10 years of age (Table 3) , the AA horses had significantly better performance up to 6 years of age (Table 2) . It is possible that the lack of significance at 10 years of age is due to the low sample size and large standard errors. However, heritability at older ages is low and may partially explain the lack of significance (Árnason et al. 1989) . Even though no significant differences were found for the number of starts at any ages, the AA horses tended to have the lowest number of starts (see Supplementary Table 1 online) , a tendency that has also been observed in Nordic trotters (Jäderkvist et al. 2014a) . On the other hand the AA horses had a significantly higher number of victories and placings compared with the CA and CC horses (see Supplementary Table 1 online) . One explanation could simply be superior performance of the AA horses. It is also possible that AA horses are more precocious and perform better early in life, which may result in an increased frequency of injuries caused by overly strenuous training at young ages. In this study, we only included horses that had competed at least once, but future studies would likely benefit from the inclusion of horses that did not compete. There is also the possibility that the AA horses tend to move toward pace, resulting in a somewhat more difficult animal to train. While the harness racing performance was analyzed using competition data the gaits of the riding horses were evaluated using a questionnaire. Competition data was not used for the riding horses, partly because the information available is limited and it is not as detailed as the information we got from the questionnaire. It would also have excluded the "worst-performing" horses, since those are not very likely to participate in competitions. The optimal would have been to have only one person evaluating all riding horses. However, this was not feasible given the circumstances. We did not have any information about experience level of the owners. Despite the likely effect of owner on scoring, we believe these results to be fairly reliable given the consistent observed effect of the unfavorable genotype across the majority of riding traits studied. However, future studies would benefit from the inclusion of owner experience information.
The effects of the DMRT3 mutation on riding traits and gaits in the current study support previous findings on gait qualities in Standardbreds used for riding, but differ from studies on Nordic trotters (Jäderkvist et al. 2015) . A study on Nordic trotters yielded no significant differences in riding traits based on DMRT3 genotypes, despite a similar number of horses being analyzed. In the current study 24% of the Finnhorses had competed in harness racing (Table 5) , compared with 53% of the Nordic trotters (Jäderkvist et al. 2015) . Perhaps this is one reason for the difference in significant results as the Nordic trotters are not as frequently bred for riding.
Homozygosity for the DMRT3 mutation in Finnhorses appears to have a negative impact on the basic gaits walk, trot, and canter (Table 4 ). This has also been shown in Icelandic horses where Icelandic CA horses received significantly better scores at breeding evaluations for walk, trot and canter, compared with AA horses (Kristjánsson et al. 2014 ). In the current study, the CA Finnhorses received the highest scores for almost all traits compared with CC and AA Finnhorses (Table 4) . To date, this comparison was not possible as previous studies did not have a sufficient number of CC horses to make the comparison (Kristjánsson et al. 2014; Jäderkvist et al. 2015) . Although no significant difference was present, the Journal of Heredity, 2015, Vol. 00, No. 00 different scores are to some extent quite surprising. Since the frequency of the mutated allele is rare or absent in breeds that are 3-gaited and used for dressage and jumping (Promerová et al. 2014) , it would be expected that the CC horses would receive the highest scores for the basic gaits. It has been suggested that there is selection against the A-allele in breeds used for jumping, dressage, and eventing. However, while our results support selection against the AA genotype in dressage, this is not necessarily the case with the CA genotype. One reason for this could be that it is unlikely that the Finnhorses in the current study were used for high level dressage which include movements such as piaffe and canter pirouettes (Fédération Equestre Internationale 2015) . The CA horses may have a quite smooth trot and canter with a nice expression, but would likely not perform as well in these advanced movements. In this study, we also found significant differences between the genotypes in the number of horses that competed in dressage. Almost 80% of the CA horses had competed in dressage, whereas only 31% of the AA horses and 24% of the CC horses competed in dressage ( Table 5 ).
Given that almost all of the horses from other breeds used for dressage are homozygous wild type (CC), this is not what one would expect. Even though the CA horses had slightly higher scores for both collected and extended canter, the CC horses had a marginally higher evaluation for jumping ability (Table 4) . As these differences were not significant, it would be interesting to test a larger number of horses and/or other horse breeds to further investigate the difference between CA and CC in high level dressage, show jumping and eventing.
Conclusion
This study shows that the DMRT3 "Gait keeper" mutation clearly influences gaits and performance in Finnhorses and that different genotypes are optimal for different disciplines. There was a significant difference in frequency of the C-allele for the different types of Finnhorses, which supports the different effects of the genotypes on performance traits. Finnhorses that were homozygous AA performed significantly better in harness racing compared to horses CA or CC.
The AA horses had a higher proportion of victories and placings, the best race times, and earned more money. For all harness racing traits the CC horses had the worst performance of the 3 genotypes. For riding it was clear that AA horses had more difficulties with the gaits trot and canter, than the horses CA and CC. The differences between CA and CC riding horses were small and not significant.
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